Bacteriophage-like particles were induced from 6 of 21 strains of stalked bacteria, using mitomycin C or ultraviolet irradiation as the inducing agents. The phage inductions were observed in strains of Caulobacter crescentus, C. vibrioides and C. bacteroides. The phage-like particles were observed, using electron microscopy. Two of the phage-like entities, tentatively designated defective phages, could not be propagated on any of 2I potential host strains tested, nor did they possess bacteriocin activity. Host strains which permitted lyric cycles of phage replication were found for four induced phages .These bacteriophages contained double-stranded DNA. The bacterial strains from which they were induced were iresistant to infection by their respective phage. Four bacterial strains were treated with specific antiphage serum, but clones so treated retained their capacity to produce the phages. The inefficacy of antiphage serum in curing the bacteria of phage suggested that these Caulobacter strains were lysogenic.
INTRODUCTION
Although lysogeny occurs commonly in the bacteria, the presence of temperate phages has not been reported for certain genera. One such genus is Caulobacter, comprising gramnegative pseudomonad-like bacteria, distinctive because of their formation of cellular stalks. Although many lytic phages have been isolated for various Caulobacter species and lysogeny has been sought (Schmidt & Stanier, I965; Szeyko & Gerenscer, ~967) , temperate phages associated with bacteria of this genus have not been detected previously. Using mitomycin C and ultraviolet irradiation as the phage-inducing agents, a new survey of Caulobacter and Asticcacaulis strains has been done in an attempt to find temperate phages or large bacteriocins. The present paper reports the induction of temperate phages and some apparently defective phages from three species of Caulobacter.
METHODS
Bacterial cultures and culture media. Most Caulobacter and Asticcacaulis strains were acquired from the collections of Dr Jeanne Stove Poindexter, either at the University of California between I96z and I964, or from Indiana University in I967. Asticcacaulis s-r was obtained from Dr Jack Pate.
For bacterial cultivation a complex medium (PYE) slightly modified from the standard medium of Poindexter (I964), was used. It consisted of 0-2 % peptone, o.1% yeast extract and 1% (v/v) modified Hutner's mineral base (Cohen-Bazire, Sistrom & Stanier, I957) in distilled water; for solid medium, 1% Bacto-agar (Difco) was added. All bacterial strains were grown at 30o .
Induction of bacterial cultures. Two agents known to induce temperate and defective phages in lysogenic bacteria, mitomycin C and ultraviolet irradiation, were used in the survey. Mitomycin C (I.O/zg./ml., Calbiochem) was added to exponential phase cultures of 21 strains of stalked bacteria. After 15 rain. the cultures were centrifuged (3ooog for 15 rain.) to sediment the bacteria, and the supernatant fluid was removed.The bacteria were resuspended in an equal volume of PYE broth and incubated 24 hr. After incubation the cultures were observed by phase contrast microscopy (Seaman, Tarmy & Marmur, 1964) . Before cultures treated with mitomycin C were used in tests for lytic activity, bacteria and bacterial debris were removed from them by low speed centrifugation. In the ultraviolet irradiation experiments, IO ml. of bacterial cultures in the late exponential phase of growth were exposed to a Mineralite USV-I I lamp for I min. at a distance of 22 cm. Irradiated cultures were incubated overnight, and centrifuged (3ooog for 15 min.) to sediment bacterial debris. The supernatant fluids were used in tests for phage activity.
Preparation for electron microscopy. For removal of bacterial debris, 5 ° ml. of induced culture lysates were centrifuged (7ooog for 15 min.). The supernatant fluids were then subjected to high-speed centrifugation (55,ooog for 2 hr) to sediment phage or phage-like particles that might been have present. The supernatant fluids were discarded and the pellets were gently resuspended. A final low-speed centrifugation of the resuspended material removed additional bacterial debris, and the remaining supernatant fluids were stained using the negative contrast method (2 % potassium phosphotungstate + o.2 % sucrose) for observation with the electron microscope (Bradley, 1962) . Bacteriophages isolated from the supernatant fluids of induced cultures were propagated on suitable hosts and lysates were concentrated and partially purified by the above procedure. Phage suspensions were prepared for electron microscopy using the negative contrast technique.
Detection oflytic activity. The supernatant culture fluids from induction experiments were spotted on lawns of bacteria prepared by the agar layer method (Adams, 1959 )-Twenty-one bacterial strains used in induction experiments were also employed in host-range tests as potential indicators of phage activity. A zone of clearing on the indicator lawn indicated inhibition or lysis by the induced culture supernatant. Secondary propagation of the lytic agent using the same indicator strain was attempted. Those lytic preparations which could be successfully propagated on a given host were diluted to permit discrete plaque formation and individual plaques were selected for propagation. Pure phage clones were obtained by serial propagation and phage lysates were prepared from confluently lysed bacteria on agar layer plates (Schmidt & Stanier, 1965) .
Nucleic acid determination. Lysates of four phages isolated from induced cultures were prepared and the phages were purified by exposure to DNase and RNase (4 #g./ml. each, Calbiochem), followed by two cycles of differential centrifugation. The fluorescent staining method for determination of type and strandedness of phage nucleic acids was used (Bradley, I966) .
Antiserum preparation and neutralization tests. Four purified phage lysates with titres of more than IO 1° p.f.u./ml, were used as antigens to immunize albino male rabbits. A series of three subcutaneous antigen injections (o'5 to I.O ml.) was used for the immunizations. The immune sera were obtained by cardiac puncture and used in phage neutralization experiments (Adams, 1959) , and in attempts to cure the inducible bacterial cultures of the phages associated with them. 
Induction of bacteriophages with mitomycin C
Mitomycin C, at a concentration of x #g./ml., caused formation of cellular filaments, Io to 2o/~m long, in the stalked bacteria examined. Several of the treated cultures also contained many bacteria which did not form filaments, but instead lost their characteristic rod or vibrioid shape, became spherical and swollen, and eventually lysed. The occurrence of lysis in the treated cultures was taken as an indication that induction of phages or large bacteriocins might have occurred, and the cultures showing lysis were further examined by electron microscopy. Phage-like particles were detected from six Caulobacter strains (Table 0 . The strains giving rise to phage-like particles upon induction showed a considerable Table 2 . Other strains were tested as indicators for the four phages, but gave negative results; these included C. crescentus KA2 and KA 3, C. subvibrioides CB8I, C. subvibrioides albus CB89, and C. intermedius CB63. In the host-range tests, none of the four bacteriophages lysed the bacterial strain from which it had originally been induced.
Ultraviolet irradiation as the inducer
Induction experiments using u.v. irradiation were done with 2I strains that had been tested with mitomycin C, and a survey for lytic activity on the indicator strains was carried out for each u.v.-treated culture. The positive lytic results obtained in this series of experiments were identical to those in which mitomycin C had been used as the inducer.
Phage morphology
A summary of the morphologies of the induced phage particles isolated in this study and of the two defective phages found in mitomycin C lysates is shown in Table 3 -
Nucleic acid determinations
Following acridine orange staining, purified lysate preparations of the four bacteriophages, when viewed under u.v. irradiation, gave reactions consistent for double-stranded DNA (Bradley, 1966 ) . Sensitivity to DNase, but not to RNase, confirmed the staining reactions (Table 4 ). Induced phages of Caulobacter 425
Plaque morphology
Phages ~ 118 and ~ 151 propagated on Caulobacter henricii cB z5 produced small plaques, o'5 to I"5 mm. in diameter, which were cloudy and had an irregular outline. Phage q~IOl plated oi1 C. crescentus cB 2 gave plaques that were small (less than I ram. in diameter) and very cloudy. This proved to be a difficult virus + host system to study quantitatively because the plaques were very hard to discern. Phage ~5IO2 with C. crescentus cB I a as the host produced plaques with a clear centre, o'5 mm. in diameter, and a narrow cloudy halo. At lower dilutions larger clear plaque variants were detected.
Serological relationships
Antisera were produced against phages q~IOI, ~5io2, q~II8 and ffI5I. The homologous antiserum neutralization constants ranged from I8 to 26 min. -1. Phages ~5rI8 and ~515I were closely related serologically. Phages ~5ioi and ~I02 were serologically distinct from the other two phages and from each other.
Phage induction in bacteria treated with phage antiserum
Caulobacter strains carrying an inducible phage were exposed to specific antiserum to determine if the strains were lysogenic (a condition in which phage antiserum treatment should not affect the bacterium's ability to produce phage) or pseudolysogenic (in which curing of phage production should be detectable). The systems examined were Caulobaeter crescentus cBIa+antiserum ~blol, C. crescentus cB2+antiserum ~bioz, C. vibrioides cB x 8 + antiserum q~I 18 and C. vibrioides cB 51 + antiserum ~515 I. A sample of the bacterial culture (o.I ml. containing about io 8 colony-forming units) and o. 9 ml. of the specific phage antiserum (final dilution I/IO) were mixed and incubated 3o min. at 3 °° to allow neutralization of extracellular phages. Streak plates of PYE medium were prepared and isolated colonies of the serum-treated bacteia were propagated. Eight clones for each strain were induced with mitomycin C, and all gave rise to phages which lysed the appropriate indicator strains. The specific phage antisera effectively neutralized the lytic activity of these mitomycin C lysates when tested at 1/Io and I/IOO. The phage antiserum treatments were repeated on representative bacterial clones that had already been exposed to antiserum, and in the repeated experiments, the subsequent mitomycin C inductions of isolated clones gave rise to lytic activities that were neutralized by the appropriate antisera, in no instance did the phage antisera cure the Caulobacter strains of their ability to produce a given phage upon induction, although the sera were shown to neutralize the free-phage particles.
DISCUSSION
Mitomycin C is an effective inducing agent of temperate phages in many bacteria, including Escherichia coli (Otsuji et al. I959) , Bacillus sp. (Seaman et al. 1964; Altenbern & Stull, i965; Colasito & Rogoff, i969) , Pseudomonas aeruginosa (Yamamoto & Chow, t968) , and Proteus rettgeri (Krizsanovich, de Klerk & Smit, 1968 ) . Mitomycin C-induction of phages and phage-like particles which lack any detected lytic activity from six Caulobacter strains is reported here. Another inducing agent, ultraviolet irradiation, gave similar results. The four isolated phages fit into Group B of the basic morphological groups of bacteriophages (Bradley, 1967) , possessing hexagonal heads and long non-contractile tails. Phages 118 and ~bI5~ are morphologically very similar to each other, serologically closely related, and share a common host strain on which they can be propagated. However, these bacteriophages differ in their overall host-range patterns and in their original sources of isolation, qStr8 being obtained from C. crescentus cB t8 and ~I51 from C. crescentus CB5 I. The two defective phages are only tentatively designated as such, pending further search for suitable host strains that would permit their propagation. At least one of the defective phages has a contractile tail.
Four of the cultures treated with mitomycin C underwent a small degree of lysis, but without subsequent detection of phage-like particles. The hypothesis that lysis of cultures, following mitomycin C treatment, must indicate phage production was not supported in results with those four strains. However, this does not prove these strains are quite unable to give rise to induced phage-like entities, only that none were detected by our survey methods.
Evidence for the temperate nature of four inducible Caulobacter phages is based on neutralization attempts with specific phage antisera. Since the inducible bacteria remained capable of producing phage despite two successive antiserum treatments, and the specific antisera neutralized lytic activities of induced lysates, the four bacterial strains examined here are probably lysogenic. Proof of lysogeny in Caulobacter at the genetic level was not forthcoming in this study, since conjugation, and thus zygotic induction, could not be demonstrated in our strains.
Dr J. S. Poindexter's laboratory at Indiana University was the source of the six strains which gave positive results of induction in our study. Two strains tested previously, with u.v. irradiation, at the University of California had given no detectable phage after induction (Schmidt & Stanier, 1965 ) but subcultures of the same strains later obtained from Dr Poindexter at Indiana University showed positive results in our study. The earlier attempts at phage induction gave somewhat fragmentary data with respect to host-range tests, and a complete comparison with results of the present report cannot be made. Thus it is not clear whether the strains were lysogenized in nature before laboratory isolation, or at some later time in their laboratory cultivation history through contact with some new and unreported phages. The induced phages described here are not akin to any of those lytic phages isolated in a previous study (Schmidt & Stanier, I965)and they are distinct from recent lytic phage isolates (from sewage) being studied in this laboratory.
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